Featured Application: This work proposes a method to measure the respiratory split in a quantitative way. Based on the assumption model, the aortic component can be extracted by average and the pulmonary component can be estimated by subtracting. The calculation of the split is performed by timing difference of the two components. The method can track the respiratory split and has applications in monitoring heart response to respiration.
Introduction
Heart sounds are a series of mechanical vibrations produced by the interplay between heart chambers, valves, great vessels, and blood flow therein. Normal heart sounds in a cardiac cycle, in general, consist of the first heart sounds (S1) and the second heart sounds (S2). Previous studies [1, 2] disclosed that the components of S1 followed the onset of the left ventricular pressure rise and closure of the mitral, tricuspid valve. Hence, S1 is considered as the sum of two components called mitral and tricuspid component. Meanwhile, S2 is considered as the sum of two components, called aortic and pulmonary component, which coincide with the closure of the aortic and pulmonary valve. Asynchronous closure of the aortic and pulmonary valves yields splitting of S2. The splitting has become widely recognized as a physiologic finding in both adults and children.
Studies about how to distinguish the aortic, pulmonary components and how to detect the splitting of S2 have progressed in recent years. The chirp model was introduced to represent the aortic and pulmonary component and to separate them [3] . The time-frequency representation (TFR) method was used to analyze S2 to get the split [4] . It can be implemented by Short Time Fourier Transform (STFT). Hence, it is referred as the STFT method in this paper. Considering S2 is a nonstationary signal, a Wigner-Ville distribution (WVD) was adopted to analyze heart sounds [5] . To solve the interference terms of the WVD, the smoothed pseudo-Wigner Ville distribution (SPWVD) was used to obtain a better time-frequency resolution [5] . The SPWVD was improved by a reassignment method which can rearrange the coefficients of the SPWVD around new zero to yield a high resolution of TFR [6] . Combining Hilbert vibration decomposition (HVD) and SPWVD, Barma et al. obtained quantitative measurement of the split [7] [8] [9] [10] . It is referred to as the HVD method in the following. In the HVD method, an S2 signal is decomposed into several phase-fixed components and SPWVD operation is performed to each component to extract timing information.
The authors propose a novel method to measure respiratory split using ensemble information embedded in S2 collection. The aortic component could be simply extracted by averaging and the pulmonary component could be extracted by subtracting. The findings show that the respiratory split can be accurately monitored and the split variations reflect the physiological relation between respiration and heart hemodynamic response.
Materials and Methods

Physiology of Respiratory Split in S2
The usual explanation attributes the varying splitting to the changes of heart hemodynamics induced by respiration [11] . In inspiration, the extension of the pleura and thorax increases the volume of the thoracic cavity and lowers the pressure inside. Hence, the pressure gradient from the extra-thoracic regions to the right atrium increases, as illustrated in Figure 1 . This increased gradient leads to increased blood filling of the right ventricle (RV). The increased RV end-diastolic volume (EDV) leads to an increased RV stroke volume (SV) via the Frank-Starling mechanism. The dilated RV causes the left ventricle (LV) to become less compliant by physical compression. The interventricular septum thus moves leftward, which results in reduced LV filling. Simultaneously, the distending lungs and their circulatory volume tend to reduce the pressure gradient and flow from the pulmonary veins to the LV, and the transmural diastolic aortic pressure, which is called the LV afterload, increases. These additive effects induced by respiration result in decreased LV-SV. Due to the effect of hemodynamic changes in inspiration, the aortic valve closes early and the pulmonary valve closes delay. Therefore, the splitting between the two components increases. The opposing process occurs during expiration in which RV-EDV and RV-SV decrease, while LV-EDV and LV-SV increase. So, the two components are closer, or even fused in expiration. With the opposite changes of heart hemodynamics in inspiration and expiration, the characteristics of respiratory variation in splitting is illustrated in Figure 2a . The morphology changes of heart sounds due to respiration have been investigated in recent years [12] [13] [14] [15] . One real example of these variations of a healthy subject is shown in Figure 2b , where the S2s are sorted by respiratory phase. The aortic components are aligned in time domain to facilitate observation of the split. The respiratory variation is clearly observed. In view point of physiology, the split in S2 reflects the effect of respiration to heart hemodynamics. So, it is important to measure the split quantitatively for monitoring hemodynamic response to respiration. This paper proposes a method to measure the respiratory split of S2. The findings show that the respiratory split variations can be accurately monitored and the variations of the split reflect the physiological relation between respiration and heart hemodynamic response.
Data Collection
Twelve young male subjects aged 24 ± 1.8 years participated in the experiments. All subjects provided their consents to participate in the experiments. They were asked to remain at rest for 10 min before data collection. Each subject was asked to lie on his back in a bed during data collection.
Heart sounds, ECG lead II, and respiratory signals were simultaneously recorded at a sampling frequency of 2 kHz (PowerLab 8/35, ADinstrument, New South Wales, Australia). A heart sound microphone sensor (MLT201, ADinstrument, Australia) was placed at the left third intercostal space. The breathing transducer (MLT1132, ADinstrument, New South Wales, Australia) was a belt sensor positioned at the boundary of the thorax and abdomen to record respiratory movement. The time length of each data recording is 150-180 s. The number of cardiac cycles involved in this work of each subject is illustrated in Table 1 . One portion of a recording is shown in Figure 3 . 
System Overview
The overview of the system workflow is illustrated in Figure 4 . First, the heart sound signal and synchronous respiratory signal are bandpass filtered with zero-phase delay in the frequency band 5-200 Hz and 0.05-1 Hz, respectively. Second, all S2s from the heart sound signal were segmented and re-ordered in joint time and respiratory phase domain. Third, aortic and pulmonary components were discriminated. Fourth, the splits were measured by weighted timing. 
Respiratory Phase
The respiratory phase signal is extracted from the respiratory signal, i.e., the respiratory signal is mapped to respiratory phase from −π to π. Expiration begins at −π and ends at zero, meanwhile inspiration begins at zero and ends at π. To achieve this, the respiratory signal and its Hilbert transform form (the real part and imaginary part of an analytic signal) were used. The respiratory phase is then obtained by the phase of the analytic signal. It is assumed that r(t) is a respiratory signal and rH(t) is its Hilbert transform. The respiratory phase signal θ(t) is presented as
where arctan2() is the operator of the four quadrant arctangent. An example of calculating respiratory phase is illustrated in Figure 5 . 
Investigation on S2 Waveform Changing Modulated by Respiration
To observe the changing visually, S2s are firstly segmented from the heart sound signal using the envelope method proposed by Liang et al. [16] . The respiratory phases associated to the S2s are looked up from the respiratory phase signal with the reference of the S2s' timing. The S2s are re-ordered according to respiratory phase in ascending order. Then, the S2s are aligned in time domain and formed into a two dimensional matrix. The horizontal direction is in the time domain and the vertical direction is in the respiratory phase domain. These matrixes enable the changing to be observed clearly. This preprocessing is repeated for the twelve subjects and the contour plots of these matrixes are shown in Figure 6 . A common phenomenon can be seen in that the S2s of each subject have two parts. The first parts are aligned in time domain, whose waveforms have almost no change; however the timing of the second parts varied with respect to respiratory phase. That is to say, the splits between the two parts are modulated by the respiratory phase. The split decreases in expiration where the phase is from −π to zero and the split increases in inspiration where the phase is from zero to π. The authors believe that the first parts are the aortic components and the second parts are the pulmonary components. 
Discrimination of Aortic and Pulmonary Component
Model Assumption: It is assumed that the S2 is the sum of aortic and pulmonary components with the following model
where a(t) is the aortic component, and p(t − u(θ)) is the pulmonary component at the respiratory phase θ. u(θ) is the time delay modulated by respiration. v(t, θ) is random noise at the respiratory phase θ to contaminate the second heart sound. The purpose of this article is to measure the respiratory split, u(θ). In detail, we have further assumptions based on the mentioned observation above.
(1) a(t) is assumed to have a fixed waveform over the respiratory phase, as can been seen in Figure 6 . (2) p(t − u(θ)) is the time shifted version of p(t). It is a delayed pulmonary component caused by respiration. (3) v(t, θ) is assumed to be zero mean both over time and over respiratory phase, i.e., v(t, θ)dt = 0 and v(t, θ)dθ = 0. It may be colored, non-Gaussian and non-stationary.
An average operation over respiratory phase is implemented on Equation (1)
where K is the number of S2s involved in operation. Based on the assumption that v(t, θ) is zero mean, the average below produces a zero vector.
Therefore, Equation (2) becomes
The average operation to the time shifted pulmonary components smooths the peaks and valleys. So, the average yields a small signal. To show the average operation clearly, an example is given in Figure 7 . The S2 signals (blue lines) are over plotted. The solid bold red line is the averaged signal. It can be seen that the average of the time shifted pulmonary components produces so small a signal that it can be neglected considering the objective of this paper. Therefore, the second part in the right side of Equation (4) becomes
The estimated aortic component could be obtained bŷ
It means that the aortic component is discriminated by the ensemble average of S2s over respiratory phase. Furthermore, considering Equation (1), the pulmonary component could be discriminated by subtracting the aortic component from the S2s, For example, the separated components for the S2s of subject No. 4 are shown in Figure 8 . It is clearly observed that the aortic components have no change, see Figure 8b . However, the estimated pulmonary components in Figure 8c have varying delay over respiratory phase. The varying delay will be estimated in the next subsection. 
Estimation of Time Indices
The timings of the estimated aortic and pulmonary component are extracted from the envelope peak position. It is operated in the following. Firstly, get the upper envelope of the absolute aortic component using the local maxima with the help of cubic spline interpolation. The way to calculate the upper envelope is like extracting the upper envelope in empirical mode decomposition (EMD) [17] .
Then, the local peaks' amplitude and associated peaks' location of the powered envelope are searched
where k is empirically set as 8. The function of this power operation is to make the dominant peaks protruding.
] is a vector consisting of peak position, and M is the number of peaks. So, the timing of the aortic component, t a , is defined as weighted peak position
where the weight coefficient is determined by
Similarly, get the upper envelope of the absolute pulmonary component using the local maxima with the help of cubic spline interpolation en p (t) = upper_envelope(|p(t)|)
The peaks of the estimated pulmonary component can be determined by
where k is empirically set as 8.
] is a vector consisting of peak amplitude,
] is a vector consisting of peak position, and N is the number of peaks. So, the timing of the pulmonary component, t p is defined as weighted peak positon
where the weight coefficient is calculated by
The split between the aortic and pulmonary component is then estimated by the timing differencê
Here is an example in Figure 9 . An S2 signal is shown in Figure 9a . In Figure 9b , the blue line is the estimated aortic component and the red line is the estimated pulmonary component. The powered envelopes of the two components are given in Figure 9c . The peaks are indicated by blue stars and red squares. The associated weighted timings are shown by a black bold star and a black bold square. Hence, the split is measured by the timing difference. This processing is repeated for each S2 signal. Then, the varying split modulated by respiratory phase is obtained. 
Steps to Implement the Method
(1) Heart sound signal, respiratory signal and lead-II ECG signal are synchronously collected from a subject. 
Experiments and Discussions
Computer Simulation
To validate the proposed method, we use simulated second heart sound signals with well-defined split. According to the model proposed by Xu et al. [3] , the aortic component and pulmonary component are modeled as narrow-band chirp signals, i.e.,
where A m A (t) and P m P (t) are the amplitudes of A 2 and P 2 , ϕ A (t) and ϕ P (t) are the phases. An S2 signal is simulated as
where t s is the split. To simulate varying split, it assumes that there are six hundred S2s and the splits of the S2s change in adjacent cardiac cycles from 25 ms to 80 ms like a sine wave. Then, the proposed method, the HVD method [7] and the STFT method [4] are used to detect the split variations. The simulated S2s are shown in Figure 10a . The extracted aortic and pulmonary components are shown in Figure 10b ,c. The measured varying splits are illustrated in Figure 10d . A visual check shows that all the measured splits by the three methods are close to the true splits. However, in quantity, the root mean square errors of the proposed, HVD, STFT are 0.98 ms, 0.84 ms, and 1.1 ms, respectively. This computer simulation proves that the proposed method works as the authors expected. 
Measure Respiratory Variations for Human Subjects by the Proposed Method
The authors have collected data from 12 subjects and their respiratory splits are shown in Figure 11 . Each recording has 3 min to 5 min consisting of several hundred cardiac cycles. A pair of respiratory phase and split can be obtained from each cardiac cycle based on the proposed method, which can be represented by a red star in the joined domain. Hence, the respiratory variations in splitting of the second heart sound can be clearly illustrated by the stars, where the measured splits are re-sorted in respiratory phase in ascending order, seen in Figure 11 . We can see that the split gradually increases with the phase increasing from 0 to π (inspiration) or decreases with the phase from −π to 0 (expiration). The minimum split generally occurs at phase zero and the split value is about 20 ms. Meanwhile, the maximum split is about 50 ms at phase π or −π. These values are comparable to the physiological results [11] . The experimental results imply that the proposed method is reasonable to monitor the respiratory variations in the split of the second heart sound. The authors wish to declare that each step of the proposed method can run automatically without any human intervention. 
Measure Respiratory Variations for Human Subjects by the Previous Methods
The respiratory splits estimated by the HVD method and the STFT method are shown in Figures 12  and 13 , respectively. It can be found that the respiratory splits of all subjects estimated by the HVD method can reflect respiratory modulation. However, the respiratory splits of subject 2, 5 and 10 by the STFT method are somewhat widely disperse, as seen in Figure 13 . It concludes that the STFT method is less robust than the HVD method. To evaluate the performance of the proposed method and the two previous methods quantitatively, the scatters are fitted by a second-order polynomial, as seen the black solid lines in Figures 11-13 . Hence, the difference between the scatters and the fitted values can be used to evaluate the performance. In this paper, the performance is evaluated in two ways. In the first way, the root mean square (RMS) of the difference is considered for this purpose, see Figure 14 . It can be found that the proposed method has the lowest RMS for each subject. Meanwhile, the HVD has a greater RMS for subject No. 3, No. 5 and No. 10; the STFT method has a greater RMS for subject No. 2, No. 5, No. 10 and No. 12. In the second way, the authors investigate the difference distribution for all subjects. Hypothesis testing shows that the difference is like a Gaussian distribution. The confidence interval for the mean and standard deviation of the difference can be estimated by statistical theory where the confidence level is set as 0.95. Table 2 gives the confidence intervals of the two indicators. It can be seen that the intervals of both mean and standard deviation of the proposed method are narrowest in the three methods. That is to say, the proposed method has much higher consistency and much higher accuracy than the two previous methods. 
Effect of the Number of S2s
In the proposed method, the aortic component can be extracted by the average, because the average operation can smooth the pulmonary component and noise. However, the performance of average operation depends on the number of S2s involved in. It is reasonable that the greater the number of S2s involved in the average operation are, the greater possibility the assumption becomes true (i.e., the Equations (3) and (5) become true). So, the proposed method runs in block by block. A large collection of S2s is needed before it can run. The embedded ensemble information of respiration modulation are taken advantage to yield the excellent performance. The proposed method will absolutely degrade if the number of S2s is too small. The experiment experience suggests that a very good performance can be obtained if the number of S2s in a recording is greater than 200. That is, the recording time should be greater than 3 min for a normal subject. However, the HVD method and the STFT method do not run in a manner of block. They can work with a single S2 input. There is no limit on the number of cardiac cycles for the HVD method and the STFT method.
Comparisons in Computation Complexity
The main steps of the HVD method include decomposing each S2 into components by Hilbert vibration decomposition and SPWVD operation for each component to extract timing information for aortic and pulmonary components. The main step of the STFT method is performing a Short Time Fourier Transform to each S2 and extracting timing information from the time-frequency representation. Meanwhile, the main steps of the proposed method are averaging and subtracting. So, the HVD method has the greatest complexity, the STFT method is medium and the proposed method has the least complexity. The CPU time to calculate the respiratory split and the RMS error of the difference between the scatters and the fitted values for the 12 subjects are listed in Table 3 for complexity comparison and accuracy comparison. A personal computer is used to run the three methods where the CPU (Intel Core 2 Quad CPU Q8300, Intel, Kuala Lumpur, Malaysia) has two cores and the frequency is 2.5 GHz. It is found from Table 3 that the proposed method has much less complexity than those of the HVD method and the STFT method. The CPU time of the HVD method is hundreds of times longer than that of the proposed method, and that of the STFT method is over ten times longer than that the proposed method. So, the proposed method has a great attractive advantage in computation complexity. The RMS error of the proposed method is the lowest for each subject compared with the other two methods. 
Limitations of the Proposed Method
The proposed method has an advantage in computation complexity and accuracy. However, it has limitations too. (1) The proposed method runs in block by block. So, it is impossible to run the method in real time. The delay from inputting heart sound signal to outputting the split for a normal subject is three minutes or more. (2) A preprocessing is needed for the collection of S2s in which the S2s are aligned in time domain to facilitate average operation. If the alignment is missed or not well done, the estimated aortic and pulmonary components will be inaccurate, and consequently the performance of split estimation will degrade.
Conclusions
The second heart sound consists of aortic and pulmonary components. Previous physiological studies disclosed that the time delay between the two components is modulated by respiration. A novel method is proposed to quantitatively measure the delay using the respiratory modulation. A model is set up to assume that the second heart sound is the sum of aortic component and delayed pulmonary component. The aortic component could be estimated by the average of the second heart sounds over respiratory phase. Subsequently, the pulmonary component could be estimated by subtracting. The timing of the two components is further determined by the weighted powered envelope peak position. The proposed method is evaluated by both simulated data and practical data collected from healthy subjects. The experimental results clearly show that the detected splits of the second heart sound vary with respiratory phase. The values of the split and the trend of the splits coincide with previous results very well. The method is compared to the two well-known previous methods. It has advantages in computation complexity and accuracy. The results suggest the proposed method could be useful in non-invasively monitoring the hemodynamic response to respiration.
